The automated docking program AutoDock was used to dock all 38 characteristic β-d-mannopyranose ring conformers into the active site of the yeast endoplasmic reticulum α-(1→2)-mannosidase I, a Family 47 glycoside hydrolase that converts Man 9 GlcNAc 2 to Man 8 GlcNAc 2 . The subject of this work is to establish the conformational pathway that allows the cleaved glycon product to leave the enzyme active site and eventually reach the ground-state conformation. Twelve of the 38 conformers optimally dock in the active site where the inhibitors 1-deoxymannonojirimycin and kifunensine are found in enzyme crystal structures. A further 23 optimally dock in a second site on the side of the active-site well, while three dock outside the active-site cavity. It appears, through analysis of the internal energies of different ring conformations, of intermolecular energies between the ligands and enzyme, and of forces exerted on the ligands by the enzyme, that β-dmannopyranose follows the path 3 E→ 1 C 4 → 1 H 2 →B 2,5 before being expelled by the enzyme. The highly conserved second site that strongly binds β-d-mannopyranose-4 C 1 may exist to prevent competitive inhibition by the product, and is worthy of further investigation. 
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Introduction
Of the hydrolases that process oligosaccharides attached to polypeptides in eukaryotic cells, endoplasmic reticulum α-(1→2)-mannosidase I (ERManI) makes isomer B of Man 8 GlcNAc 2 from Man 9 GlcNAc 2 by removing a β-D-mannopyranosyl (β-Manp) residue from the middle branch of the oligosaccharide. 1-3 S. cerevisiae 4 and human 5, 6 forms of ERManI, part of glycoside hydrolase Family 47 (GH47), 7 have known tertiary structures. Other α-(1→2)-mannosidase I forms, normally found in the Golgi apparatus, are also GH47 members but have more spacious active sites [8] [9] [10] and convert Man 9 GlcNAc 2 through Man 6 GlcNAc 2 to Man 5 GlcNAc 2 . All forms have unusual (α,α) 7 -barrel structures with Ca 2+ ions at the bases of their active-site wells.
The yeast ERManI crystal structure shows the hydrolytic product Man 8 GlcNAc 2 isomer B Nlinked to one protein molecule and extending into the barrel of the adjacent symmetry-related molecule, interacting with its active site. 4 Human ERManI has been crystallized with no ligands, 5 with the inhibitors 1-deoxymannonojirimycin (DMJ) and kifunensine (KIF), 5 and with the thiodisaccharide substrate analog methyl 2-S-(α-D-Manp)-2-thio-α-D-Manp. 6 DMJ is found as a 1 C 4 conformer in the same location that the mannosyl residue cleaved from Man 9 GlcNAc 2 would be expected to occupy, 5 even though its ground-state conformation is 4 C 1 . The thiodisaccharide glycon is in the 3 S 1 conformation. 6 We used the automated docking program AutoDock 11 to identify the catalytic base/nucleophile in ERManI. This work also revealed a surprising property of this enzyme: the active-site funnel is too narrow to allow the passage of the ground-state α-Manp-4 C 1 glycon having equat-orial C-3 hydroxyl and C-5 hydroxymethyl substituents, implying that a conformational change must occur before subsite -1 is occupied. 12 Furthermore, by docking α-D-Manp-(1→2)-α-DManp (α-Man 2 ) with its glycon in 16 of the 38 possible ring conformers ( Fig. 1 13 we determined forces on individual atoms of β-Manp exerted by the active site to discern how one conformation would be twisted into another along this path-way. We also showed previously 13 how the overall force direction related well with the observed K I 's for DMJ and KIF, where DMJ with a higher K I was pushed outward from the −1 subsite, whereas KIF was pushed inward. Here we hypothesize that a conformer with its overall force directed toward the narrow neck of the active-site funnel is more likely to exit the active site.
Computational methods
Computational methods were identical to those used earlier. 13 We generated different β-Manp conformations with PCModel (Serena Software, Bloomington, IN). Both Lamarkian genetic algorithm (LGA) and pseudo-Solis and Wets local searches 11 within AutoDock were employed to find semioptimal β-Manp conformations in the ERManI active site. These were followed by iterative minimization runs with the Solis and Wets local search algorithm. 16 Root mean squared deviations (RMSDs) were calculated from the crystal-structure DMJ molecule in human ERManI, whose active site is almost identical to that of yeast ERManI. Force vectors were calculated from the differences in intermolecular energies on individual ligand atoms over a fine grid divided by the distance between adjacent grid points in x, y, and z directions. Self-consistent
Lennard-Jones potentials of AutoDock 1.0 before multiplication by the free-energy model coefficients were used to evaluate nonbonded interaction energies, since they best reproduce the crystal ligands and also because unweighted parameters are necessary to calculate forces on docked ligands. The reported energies are therefore of much higher magnitude than those generated by AutoDock 3.0 force field, and are representative of binding enthalpies, not free energies.
Results and discussion

Energy computations
The final docked energy reported by AutoDock (E Total ) is a sum of the intermolecular interaction energy (E Inter ) and the internal energy of the ligand (E Intra ). Table 1 shows the E Total , E Inter , and RMSD values of all 38 β-Manp conformers docked close to crystal-structure DMJ and KIF in subsite -1, where the initially cleaved mannosyl residue would be ( Fig. 2) . Twelve conformers had their lowest E total values when docked there. Twenty-three conformers optimally docked together some distance from that position, in an indentation on the side of the active-site well (site 2) (Fig. 2) . Their energies when docked in this site are shown in Table 1 also, as are those of three conformers optimally docked much further away (site 3). The best docked energies of ligands that optimally dock in sites 2 or 3 are derived from the LGA, as it allows conformational space to be searched without regard to energy barriers that need to be overcome in moving from one region to another in the grid. The energies and RMSDs of these conformers when docked in subsite -1 are derived from local searches.
As reported in previously 13 AutoDock's determination of E Intra is calculated with a simple energy function to reduce computational cost, and it is not sufficiently accurate for direct com-
parison of E Total values of docked ligands. For instance, the 1 C 4 conformer docked in subsite -1 has a more negative E Inter value than the 3 E conformer docked there, while the E Total value of the latter is more negative than the former (Table 1 ). This is highly unlikely since the MM3 force field 15, 18 predicts that the 1 C 4 conformer has a more negative E Intra (~7 kcal/mol) value than 3 E does. However, since an accurate comparison of the docked conformers should ideally be based on E Total , we compared the trends in AutoDock's E Inter values for each ligand conformer with trends in the more accurate E Intra values computed with MM3 ( Fig. 3) , together with force calculation analysis, to draw conclusions about the product conformational itinerary, similar to the technique we used to predict the conformational itinerary of the substrate to the TS. 13 
Force calculations
As in our previous work, 13 force calculations can help to determine the direction of the enzymedirected conformational twist on the ligand using the following simple intuitive scheme: the torques of the forces on each hydroxyl group were visually examined to establish their effects, as indicated by arrows next to each of the hydroxyl groups in Fig. 4 . The effects on all five hydroxyl groups were then scored to determine the strength of the twist on the whole ligand. In Fig. 1 , for example, force 1 causes the C-1 hydroxyl group of β-Manp-1 C 4 to remain in the axial position (a), whereas force 2 causes it to move toward a', from where it may proceed to e, e', or i orientations, since they are all consequences of the clockwise torque of force 2. Therefore, if the force is in direction 1 for a particular transformation, only a C-1 hydroxyl group in the a orientation in the final conformer would score 1 point, and all other orientations would score 0 points.
For a force in direction 2, any of the a', e, e', or i C-1 hydroxyl orientations in the final conformer would score 1 point, while an a orientation would score 0 points. This process is repeated for all five OH groups to determine a transformation score for any given conformational change, with the maximal score therefore being 5/5. The transformation scores for conformational changes in the possible pathways appear in Fig. 4 .
Also, by finding the direction of the overall force vector on the ligands, we can determine whether the ligand on the whole is being pressed against the sides or bottom of subsite -1, or whether it is being expelled through the subsite -1 neck. The directions of the overall forces for some important conformers are shown in Fig. 5 .
Potential product conformational itineraries
As mentioned earlier, three local minima in the β-Manp skew/boat pseudorotational series at θ = 90° have E intra values like that of the initially-formed 1 C 4 conformer at θ = 173.0°, φ = 314.5°( (Fig. 3) . These three and the 1 C 4 conformer have overall shapes that are less wide than the ground-state 4 C 1 conformer with its equatorial C-3 hydroxyl and C-5 hydroxymethyl substituents, so all four can be expelled through the narrow funnel exit from subsite -1.
Of these conformers, 2 S O /B 3,O is not directly accessible from 3 E (Fig. 3) . 3 local minimum seen on the MM3 isoenergy surface (Fig. 3) . The 1 C 4 conformer with its low E Inter and RMSD values seems to be most likely destination for the newly formed product.
However, the forces on 3 E seem to suggest that its transformation to a B 2,5 -like conformer is more likely than its transformation to 1 C 4 . Also, the overall force on the B 2,5 conformer is toward the active-site neck, whereas the 1 C 4 conformer seems pushed sideward (Fig. 5) . Since the 1 C 4 conformer also has the lowest E Inter value of all the conformers docked in subsite -1, it is tempting to speculate that the 3 E-like product is directly pushed toward the 1 S 5 /B 2,5 minimum to prevent it from getting trapped in the lowest-energy 1 C 4 conformer which, based on the overall force ( Fig. 5) , cannot directly leave the active site. Since all other conformers dock with higher energy than the 1 C 4 conformer, it would seem that thermal excitation energy would have to be involved in further transformations for the product to escape from the active site; the enzymeproduct system would not merely be relaxing to a lower potential energy state, as was observed in the transformation of the enzyme-substrate system to the enzyme-TS system. 4) indicate that only the latter is capable of exiting the active site.
Product binding site
Site 2 is highly conserved, its tertiary structure being the same in both S. cerevisiae and human forms of ERManI. There are twelve amino acid residues (Asp61, Val62, Tyr63, Met73, Trp82, Ile63, Arg136, Asn495, Met496, Glu497, Ser498, and Phe499 in S. cerevisiae ERManI numbering) within 4 Å of Manp-4 C 1 docked in site 2. Seven of them (Asp61, Met73, Trp82, Ile83, Glu497, Ser498, and Phe499) are conserved in Candida albicans, human, and S. cerevisiae
ERManIs, the only three with known sequences, and the last three residues are conserved over a large range of GH47 members. This factor, as well as the fact that 23 of the β-Manp conformers have more negative E Total and E Inter values when bound in site 2 rather than when bound in subsite -1, suggest that subsite 2 plays a major role in ERManI function.
Molecules of β-Manp leaving subsite -1 would quickly reach the ground-state β-Manp-4 C 1 conformer and would slowly mutarotate into an equilibrium mixture of 64% α-Manp and 36% β- (Table 1) . Along with subsite -1, ERMan I has several other mannose-binding subsites that are clearly observed when Man 8 GlcNac 2 is bound by S. cerevisiae ERMan I (Fig. 2) , all of which bind α-mannosyl residues in the 4 C 1 conformer, and which no doubt confer high substrate selectivity on the enzyme. The expelled mannose from subsite -1 after catalysis could potentially be bound by any of these subsites, thus interfering with substrate binding for further catalytic cycles. The fact that site 2 does not overlap with any of these subsites may imply that it is designed to keep the product away from substrate-binding subsites to prevent competitive inhibition. It is also possible that mannose bound in site 2 causes noncompetitive inhibition by distorting the active site. In any case, further investigation of this site through crystallographic and mutagenetic studies may be worth pursuing.
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